A complete module for single-photon counting and timing is demonstrated in a single chip. Features comparable with or better than commercially available macroscopic modules are obtained by integration of an active-quenching and active-reset circuit in complementary metal-oxide semiconductor technology together with a single-photon avalanche diode (SPAD). The integrated SPAD has a 12-m-diameter sensitive area and operates with an overvoltage above breakdown adjustable up to 20 V. With a 5-V overvoltage the photon detection efficiency peaks above 40% around 500 nm, and the dark-counting rate is lower than 600 counts/ s at room temperature. The overall counting dead time is 33 ns. © 2005 Optical Society of OCIS codes: 040.5160, 040.6070, 130.0250, 120.1880, 130.6010, 130.6750. Single-photon counting and timing is exploited in research and industrial applications, such as particle sizing, fluorescence spectroscopy, laser ranging and time-of-flight measurements, quantum cryptography, and single-molecule experiments. Photomultiplier tubes are vacuum tube devices, hence they are bulky, delicate, sensitive to magnetic fields, and require high-voltage supply. Ordinary avalanche photodiodes, the solid-state analogs of photomultiplier tubes, are marginally suitable for detecting single photons because of a gain with moderate mean value (not exceeding 1000 in the best cases) and high statistical fluctuations. These limitations arise from the intrinsic positive feedback in the avalanche process. However, this positive feedback can be exploited in a different kind of avalanche device, single-photon avalanche diodes 1 (SPADs). They are not amplifying devices, but rather trigger devices that work in Geiger mode biased above breakdown voltage V B . The electric field is so high that a single photogenerated carrier can trigger a self-sustaining avalanche process that swiftly builds up a macroscopic current in the milliamp range. The current must then be quenched. Passive-quenching circuits (PQCs) are a simple solution, but they set limitations on the performance in photon counting and timing. The active-quenching circuit (AQC) concept [1] [2] [3] made it possible to fully exploit the performance of SPADs and opened the way to their application. Commercially available single-photon counting modules based on silicon SPADs and discrete-component AQCs 4,5 are a benchmark in photon-counting applications. Obtaining within a single chip a module with comparable performance is clearly an appealing goal. Chips containing PQCs integrated with SPADs of small diameter (7 and 3 m) have been reported. 6, 7 Because of the strong reduction of the capacitance from integration and the small detector area, they attain performance remarkably superior to ordinary PQCs and validate the interest in the approach.
Single-photon counting and timing is exploited in research and industrial applications, such as particle sizing, fluorescence spectroscopy, laser ranging and time-of-flight measurements, quantum cryptography, and single-molecule experiments. Photomultiplier tubes are vacuum tube devices, hence they are bulky, delicate, sensitive to magnetic fields, and require high-voltage supply. Ordinary avalanche photodiodes, the solid-state analogs of photomultiplier tubes, are marginally suitable for detecting single photons because of a gain with moderate mean value (not exceeding 1000 in the best cases) and high statistical fluctuations. These limitations arise from the intrinsic positive feedback in the avalanche process. However, this positive feedback can be exploited in a different kind of avalanche device, single-photon avalanche diodes 1 (SPADs). They are not amplifying devices, but rather trigger devices that work in Geiger mode biased above breakdown voltage V B . The electric field is so high that a single photogenerated carrier can trigger a self-sustaining avalanche process that swiftly builds up a macroscopic current in the milliamp range. The current must then be quenched. Passive-quenching circuits (PQCs) are a simple solution, but they set limitations on the performance in photon counting and timing. 1 The active-quenching circuit (AQC) concept [1] [2] [3] made it possible to fully exploit the performance of SPADs and opened the way to their application. Commercially available single-photon counting modules based on silicon SPADs and discrete-component AQCs 4, 5 are a benchmark in photon-counting applications. Obtaining within a single chip a module with comparable performance is clearly an appealing goal. Chips containing PQCs integrated with SPADs of small diameter (7 and 3 m) have been reported. 6, 7 Because of the strong reduction of the capacitance from integration and the small detector area, they attain performance remarkably superior to ordinary PQCs and validate the interest in the approach.
We recently developed an integrated AQC (iAQC) in complementary metal-oxide semiconductor (CMOS) technology 8, 9 that provides quenching pulses up to tens of volts and operates any SPAD so far reported, including the SPADs in the Perkin Elmer single-photon counting modules (namely, SLIK 4, 5 ) that have a V B above 400 V. We also introduced and developed planar epitaxial SPAD devices, compatible with CMOS circuit integration, in successive generations. 10, 11 Then other laboratories reported SPAD devices in CMOS-compatible technologies. 6, 7, 12 For a complete monolithic photon-counting module, it is necessary to integrate both the SPAD detector and the AQC circuit on the same chip. However, SPADs usually require custom-designed processes, tailored for obtaining low noise, high quantum efficiency, and large uniformity. Instead, microelectronic circuits rely on settled standardized processes and foundries refuse any minor process modification. Moreover, the requirements of AQCs can differ significantly from those of standard CMOS circuits. Therefore a one-chip module is much more challenging than a discrete-chip approach.
We exploited a standard 0.8-m high-voltage double-metal, single-poly CMOS process for fabricating both the iAQC and the planar epitaxial SPAD with a diffused guard ring. 10 Such a structure can be better adapted to the process than that with a virtual guard ring 11 and can be fabricated in both polarities (an n + p junction with an n − guard ring or a p + n junction with a p − guard ring) by exploiting various combinations of the available processing steps.
We adopted the SPAD structure illustrated in Fig.  1 . The active p + n junction is formed within a 5-m-deep n well. A deep p diffusion forms a guard ring that avoids edge breakdown and defines the high-field region of the junction. The breakdown voltage of the active area is V B = 16 V, whereas the edge breakdown occurs at 55 V. The device has a circular active area with a 12-m-diameter, a suitable tradeoff between practical applicability and fabrication yield.
The substrate must be connected to a ground since it is shared by the SPAD and the iAQC. A constant negative voltage supply V low with a value slightly smaller than V B is applied to the p + upper electrode (anode). A positive voltage V high controlled by the iAQC is applied to the n well (cathode). Therefore the overvoltage above breakdown is ͉V high ͉ + ͉V low ͉ − V B . Figure 2 illustrates the chip's block diagram. The SPAD is connected to the positive V high voltage by an internal 75-k⍀ ballast resistor R B . As the avalanche is triggered, the avalanche current starts to discharge the cathode capacitance and the voltage drop exerts a passive-quenching action. The input stage senses the voltage transition and swiftly turns on the S quench transistor, which drives an active-quenching action by pulling the SPAD cathode down to the ground. The quenching pulse amplitude is equal to V high , and the avalanche is quenched because ͉V low ͉ is lower than V B . The voltage is kept low for an additional hold-off time set by the monostable. S quench is then switched off and S reset is switched on and actively resets the SPAD cathode to V high . Gateddetector operation is provided: Only photons occurring when the gate input signal is high are detected.
The mixed passive-active quenching 1 and the positive feedback loop with a low sensing threshold 6, 9 strongly reduce the time from avalanche onset to quenching, thereby limiting the avalanche charge. With 5-V overvoltage the quenching transition is shorter than 8 ns and the total avalanche charge is less than 40 pC. Such a value is due mainly to the metal pad connected to the cathode (see Fig. 2 ) for testing purposes that should be eliminated in the final chip since it considerably increases the cathode capacitance to be discharged. With 10-V overvoltage (see Fig. 3 ) the quenching transition takes 11 ns and the total dead time is 33 ns, corresponding to a maximum saturated photon-counting rate of 30 Mcounts/ s. At 10-V overvoltage, the chip power consumption rises from 2 mW (at counting rates of approximately 10 kcounts/ s) to 70 mW (at 10 Mcounts/ s). Figure 4 reports the measured photon detection efficiency. It has a peak of approximately 45% around 500 nm and values above 20% over all the visible range. It is still a few percent in the near-infrared up to 950 nm, a remarkably better level than S1 photocathodes and other SPAD devices fabricated by CMOS processes. 5, 6, 11 Such figures are consistent with the active area's thickness of approximately 1.5 m. Figure 5 reports the measured dark-counting rate. At room temperature it is lower than 600 counts/ s up to a 5-V overvoltage; then it rises to 40 kcounts/ s at 10 V. Cooling the chip is fairly effective: At a 10-V overvoltage the dark-counting rate is reduced to less than 7 kcounts/ s at −50°C.
The afterpulsing effect, caused by avalanche carriers captured by deep levels and released with some delay, was characterized with the setup reported in Ref. 13 . The effect is proportional to the avalanche charge 1 ; hence the sensitivity and speed of the circuit strongly reduce it. The hold-off can be exploited for reducing it even further: The detector is kept below breakdown for a time sufficient to cover the release of most of the trapped carriers. Figure 6 shows the carrier release transient with a time constant of 3.5 ns. The photon-timing resolution was measured in a conventional time-correlated photon-counting setup with an 820-nm picosecond-pulsed laser diode. As shown in Fig. 7 the FWHM is 36 ps, comparable with the best reported results. The low exponential tail, caused by photons absorbed in the SPAD neutral layer (see Fig. 1 ), has a 910-ps time constant.
In conclusion, we have demonstrated that it is possible to fabricate in a microchip a photon-counting and timing module with competitive performance for practical applications, and it is worth devoting further work to improve its performance (wider detector area, lower dark-counting rate, higher fabrication yield, etc.).
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